Marine biomass, including macroalgae, is a promising source of biofuels (1, 2). 1
The major advantages of macroalgae with respect to biofuels production are (i) the 2 greater productivity of macroalgae over land crops; (ii) the lack of a requirement of 3 arable land for algal cultivation, avoiding irrigation of water, use of fertilizer, etc.; and 4 (iii) the absence of lignin in macroalgae (2-4). Macroalgae comprise green, red, and 5 brown algae (4); high contents of carbohydrates have been reported in red and brown 6 algae. It is very important to develop a method for producing biofuels from the 7 carbohydrates in these algae. 8
The major carbohydrate constituents of brown algae are mannitol, the sugar 9 alcohol corresponding to mannose (5), and alginate, a linear polysaccharide consisting 10
of two monosaccharides, β-D-mannuronate (M) and its C5 epimer α-L-guluronate (G), 11
in which the two monosaccharides are arranged in three different configurations: polyM, 12 polyG, and heteropolymeric random sequences (polyMG) (6). The brown alga 13
Laminaria japonica contains up to 30% mannitol and 25% alginate; these and 14 subsequent figures represent percentage of dry weight (7). Zubia et al. reviewed the 15 contents of mannitol (up to 33%) and alginate (up to 40%) in several brown algae of 16 genera Sargassum and Turbinaria (8). Horn et al. also reported that the brown alga 17
Laminaria hyperborea contains 25% mannitol (9). 18
In order to utilize brown algae as a source for bioethanol, it will be necessary 19 to develop systems for production of ethanol from both mannitol and alginate. Two 20 such systems have been established (10). The first of these utilizes the ethanologenic 21 bioengineered Sphingomonas sp. strain A1 (ethanologenic strain A1) that can produce 22 13 g/L ethanol from alginate (10). Unfortunately, Sphingomonas sp. strain A1 is not 23 able to assimilate mannitol (11). The other established system utilizes a bioengineered 24 ρ 0 yeast strains were produced by treating yeast with 25 µg/ml ethidium 1 bromide (18). In S. cerevisiae, strains completely lacking mitochondrial genomes are 2 denoted ρ 0 , whereas strains harboring intact mitochondrial genomes are ρ + (18). ρ 0 3 strains fail to grow on YPG or YPM medium, which contain only nonfermentable 4 carbon sources, due to their inability to perform respiration. 5
To prepare an A1 supernatant, ethanologenic Sphingomonas sp. strain A1 6 (EPv104) was cultured for 3 days at 30°C on a shaker (Personal Lt-10F, Taitec, Tokyo, 7 Japan) at 95 strokes per minute (spm) in a liquid medium containing 50 g/L alginate as 8 described (10). After 3 days of cultivation, the culture was centrifuged at 20,000×g for 9 10 min. The pH of the resulting supernatant was adjusted to pH 5.8 using HCl, yielding 10 the "A1 supernatant". YP-A1 medium consisted of 22.5 ml A1 supernatant and 2.5 mL 11 10-fold concentrated YP (pH 5.8). YP2M-A1 and YP5M-A1 media were 25 ml YP-A1 12 media containing 0.5 g (20 g/L) and 1.25 g (50 g/L) mannitol, respectively. LB5M-A1 13 medium contained 22.5 ml A1 supernatant, 2.5 ml 10-fold concentrated LB, and 1.25 g 14 (50 g/L) mannitol. 15
16

Cultivation 17
For cultivation of ethanologenic yeasts in liquid medium, fresh cells grown on 18 solid YPM media were suspended in sterilized water (SDW) and added to 50 ml liquid 19 YPM medium to give an OD 600 of 0.1. Cultivation was conducted at 30°C in a 100 ml 20
Erlenmeyer flask on a shaker (Personal Lt-10F) at 95 spm, unless otherwise stated. 21
After 1 day of cultivation, cells were collected, washed once with SDW, suspended in 22 SDW, and added to fresh 50 ml YPM or YPD medium to give an OD 600 of 0.1; 23 cultivation was continued at 30°C and 95 spm. For cultivation of E. coli KO11, LBM 24 and LBD were used instead of YPM and YPD. E. coli cells were washed and suspended 1 in SDW containing 10 g/L NaCl, and were cultured at 30°C and 95 spm. When 2 YP2M-A1, YP5M-A1, and LB5M-A1 media were used, cultivation was conducted in 3 25 ml liquid medium in a 50 ml Erlenmeyer flask on a shaker (Personal Lt-10F) at 95 4 spm and 30°C. 5 6
Analytical methods 7
Ethanol concentrations in culture supernatants obtained by centrifugation (5 8 min, 20,000×g, 4°C) were determined using the ethanol assay F-kit (Roche Diagnostics, 9
Basel, Switzerland). Concentrations of glucose and mannitol were determined using an 10 HPLC equipped with an Aminex HPX-87H column (300 × 7.8 mm; Bio-Rad) and a 11 RID-10A detector (Shimadzu, Kyoto, Japan). Other conditions were as follows: effluent, 12 filtered and degassed 5 mM H 2 SO 4 ; flow rate, 0.65 ml min Table 2 ) (19). Moreover, S. paradoxus strain NBRC 0259 consumed the highest 7 amount of mannitol, exhibited the highest ethanol productivity and yield among these 8 six strains in YPM liquid medium at 95 spm (Table 2) , and also exhibited the highest 9 tolerance to 50 g/L ethanol ( Fig. 1C) 
(19). 10
Ethanologenic strain A1 can produce ethanol from alginate, but not from 11 mannitol (10). An ideal yeast strain would be capable of producing ethanol from 12 mannitol after the ethanologenic strain A1 had finished producing ethanol from alginate. 13
To identify such a strain, we cultivated the ethanologenic strain A1 in a liquid medium 14 containing 50 g/L alginate for 3 days and centrifuged to obtain the supernatant (A1 15 supernatant) which contained ~10.0 g/L ethanol and other unknown metabolic 16 compounds. We then investigated whether the six yeast strains could produce ethanol 17 from mannitol in YP2M-A1 (A1 supernatant plus YP and 20g/L mannitol) medium as 18 described in MATERIALS AND METHODS. As shown in Fig. 1D , only S. paradoxus 19 NBRC 0259 produced ethanol under this severe condition, suggesting that this strain is 20 highly tolerant to the toxic compounds generated by ethanologenic strain A1 (Fig. 1D) . 21
Therefore, we selected S. paradoxus NBRC 0259 for further study. 22
Ethanol production from mannitol by S. paradoxus NBRC 0259 24 S. paradoxus NBRC 0259 exhibited Ca 2+ -dependent flocculation, especially in 1 the presence of glucose ( Fig. 2A) , whereas the other five strains did not. Yeast 2 flocculation is a reversible, non-sexual cell aggregation in which cells adhere to each 3 other in a Ca 2+ -dependent manner to form flocs; it has been used in the brewing industry 4 as a simple and cost-effective way to separate yeast cells from fermentation products 5 (20). S. paradoxus strains have been isolated from natural and fermentative habitats 6 (e.g., tree bark, oak tree bark, pulque fermentation, and wine fermentation) and are 7 tolerant to ethanol (21, 22). S. paradoxus has also been regarded as an attractive model 8 for population-genetic and genomic studies (23). 9
The polyploid S. cerevisiae strain BB1 needs oxygen to utilize mannitol, and 10 exhibits high respiratory activity when growing in SM medium (15). Oxidation of 11 mannitol to fructose by mannitol dehydrogenase is predicted to produce excess NADH 12 (Fig. 2B) ; hence, it has been proposed that yeasts require respiration in order to 13 assimilate mannitol (15). As shown in Fig. 2C , S. paradoxus NBRC0259 did not grow 14 on SM medium under anaerobic conditions irrespective of the presence or absence of 15 intact mitochondria, whereas a ρ 0 strain that lacks the mitochondrial genome failed to 16 grow on SM medium even under aerobic conditions, demonstrating that S. paradoxus 17
NBRC0259 requires oxygen and respiration to assimilate mannitol (19). 18
S. paradoxus NBRC 0259 maintained on YPD solid medium tended to lose the 19 capacity to grow on YPM or YPG solid medium (five of six single colonies tested). 20 Therefore, S. paradoxus NBRC 0259 ρ + strain was streaked from glycerol stock on 21 YPM solid medium and grown on this medium, rather than YPD solid medium, in order 22 to avoid losing its capacity to grow on YPM or YPG medium, i.e., to avoid becoming ρ 0 . 23
To monitor the effects of recent handling, S. paradoxus NBRC 0259 grown on YPM 24 solid medium was pre-cultured in either YPM or YPD liquid medium, and then further 1 cultured in YPM liquid medium. The ethanol productivity of cells pre-cultured in YPM 2 liquid medium was significantly higher than that of cells pre-cultured in YPD liquid 3 medium ( Fig. 2D; closed and open circles) . Thus, we chose YPM liquid medium as the 4 medium for pre-culture. 5
Because S. paradoxus NBRC 0259 requires oxygen to assimilate mannitol, we 6 examined the effects of aeration conditions on ethanol production. S. paradoxus NBRC 7 0259 pre-cultured in YPM liquid medium was cultured in YPM or YPD liquid medium 8 at various shaking speeds (0, 95, and 145 spm) (Fig. 2E) . At 145 spm in YPM medium, 9 the strain exhibited the best growth, but no ethanol production. At 0 spm in YPM 10 medium, the strain hardly grew and produced low ethanol concentration. At 95 spm in 11 YPM medium, the strain displayed moderate growth and the highest ethanol production. 12 Thus, moderate aeration by shaking at 95 spm was chosen as the aeration condition for 13 production of ethanol from mannitol (19). This strain produced higher amounts of 14 ethanol from glucose than those from mannitol at 0 and 95 spm, although it flocculated 15 in YPD medium ( Fig. 2A, E) . 16 S. paradoxus NBRC 0259 produced ethanol less efficiently from mannitol than 17 from glucose; ethanol production began after 2 or 3 days of cultivation (Fig. 2D, E) . 18
The original S. paradoxus NBRC 0259 cells that had been grown for 3 days in YPM 19 liquid medium were frozen in the presence of 17% (v/w) glycerol and maintained at 20 −80°C; this isolate was named S. paradoxus NBRC 0259-3. NBRC 0259-3 strain was 21 streaked from glycerol stock on YPM solid medium, grown on this medium, 22 pre-cultured in YPM liquid medium, and cultivated in YPM liquid medium at 30˚C and 23 95 spm to monitor the ethanol production. We observed that this strain started to 24 produce ethanol more quickly than the original NBRC 0259 isolate ( Fig. 2D ; closed 1 triangles); it also flocculated in the presence of glucose (data not shown). Hence, we 2 selected NBRC 0259-3 strain for further study. We speculate that some epigenetic 3 events, making yeasts ready to assimilate mannitol, possibly occurs during initial 4 cultivation of original NBRC 0259 strain in YPM liquid medium. 5 6
Comparisons of the capacity to produce ethanol from mannitol 7
We compared the ethanol tolerance and ethanol productivity of S. paradoxus 8 NBRC 0259-3 with those of two other microbes previously reported to produce ethanol 9 from mannitol, P. angophorae (9) and E. coli KO11 (13). In contrast to the case of S. 10 paradoxus NBRC 0259, these microbes' abilities to produce ethanol from mannitol 11
were not enhanced after 3 days of cultivation in YPM or LBM (data not shown). 12
Among the three organisms, S. paradoxus NBRC 0259-3 exhibited maximum 13 tolerance to 50 g/L ethanol (Fig. 3A) . The three strains produced approximately the 14 same amounts of ethanol from mannitol and glucose and also exhibited approximately 15 the same productivity and yield (Fig. 3B, Table 2 ). However, in the presence of the A1 16 supernatant, in which ethanologenic strain A1 had produced approximately 10 g/L 17
ethanol from a liquid medium containing 50 g/L alginate, KO11 did not produce ethanol 18 from mannitol, whereas both yeasts did (Fig. 3C) , indicating that E. coli KO11 is 19 sensitive to the metabolites produced from alginate by ethanologenic strain A1, while 20 yeasts are tolerant. In the presence of a high concentration of glucose or mannitol (100 21 g/L), S. paradoxus NBRC 0259-3 produced higher amount of ethanol from mannitol 22 than P. angophorae did and higher amount of ethanol from glucose than E. coli KO11 23 did (Fig. 3D) . In the presence of both 20 g/L glucose and 20 g/L mannitol (total sugars, 24 40 g/L), all three organisms utilized mannitol to produce ethanol, although glucose was 1 consumed faster than mannitol (Fig. 3E) . 2 Thus, S. paradoxus NBRC 0259-3 exhibited the highest tolerance to ethanol; 3 high production of ethanol from mannitol in the presence of A1 supernatant; and high 4 production of ethanol from high concentrations of glucose and mannitol (Fig. 3, Table  5 2). Based on these observations, we concluded that S. paradoxus NBRC 0259-3 is the 6 most suitable yeast strain for the production of ethanol from mannitol, a promising 7 marine macroalgal carbon source (19). 
